Background. Currently available noninvasive techniques for measuring blood flow velocities are constrained by limited view orientations (Doppler ultrasound) or limited time resolution (magnetic resonance imaging, MRI). We describe an MRI technique for measuring flow velocities in real time at
T he primary clinical tool for the measurement of blood flow is Doppler ultrasound.' It is a noninvasive tool of great utility, but it has important limitations. One end of the "beam" or zone of interrogation is anchored at the transducer, limiting the views. The path cannot cross air because of substantive attenuation of sound at air-tissue interfaces. The beam diverges along its path, and the effect of angulation is complicated because the velocities reported comprise an envelope of red cell particle velocities. Nuclear magnetic resonance (NMR), like ultrasound, is sensitive to velocity and can be used to measure motion as well as position.2 NMR can track coherent translational movement at the molecular level for volume elements (voxels) whose size depends on imaging technique and imaging parameters. NMR, unlike ultrasound, is not attenuated by the presence of air, and any three-dimensional orientation is possible. NMR assessment of blood flow reflects fluid motion, not just red cell motion. However, NMR as it has been clinically implemented requires many cardiac cycles to build a composite image. Flow is notorious as a cause of artifacts in NMR imaging and has been challenging to study with quantitative accuracy.
This report presents a new NMR method for measuring velocities in vessels. The technique uses standard clinical hardware with a novel pulse sequence design to make observations along a beam in real time at up to 60 frames per second. The velocities that are measured are the average within each section in an axial stack of 256 thin (< 1 mm) cross sections of the beam. Position along the beam is encoded by a read gradient, and no phaseencoding gradients are required. Therefore, velocities can be determined directly from the measured signal phase changes. The beam may be freely and interactively oriented to align with the three-dimensional direction of flow and may be adjusted for optimal flow sensitivity. To validate this new technique, studies were performed on phantoms of flow for which the velocities could be measured directly. Also, flow was observed noninvasively in real time within the aortas of human subjects.
Methods
The NMR pulse sequence introduced here as V-mode NMR is related to what we previously introduced for real-time M-mode NMR.3 Rather than excite a planar cross section as in standard two-dimensional imaging, excitation is designed to excite only within a cylinder. This is accomplished by spiraling the X and Y gradients while applying radiofrequency (RF) excitation modulated to suit the Fourier transform of the desired excitation, weighted by the k-space trajectory.45 After excitation of the cylindrical beam of interrogation, a bipolar gradient pair is applied in the direction of desired velocity sensitivity. The readout gradient is then applied along the beam axis. The data are analyzed with respect to the zero point of the data acquisition, which occurs just after the beginning of the readout (asymmetric or half-echo acquisition).6
The phase accrual 0 for moving spins (ignoring acceleration and higher-order motions) is given by 4= y G(t)v(t)dt with y the gyromagnetic ratio of the spins, v(t) the velocity of the spins, and G(t) the time-dependent magnetic field gradient. Assuming that velocities change negligibly during the measurement time (several milliseconds), the phase accumulation is equal to the product of the velocity and the first moment of the gradients in the velocity-sensitized direction. The The flow measurements in phantoms and humans were performed on a 1.5-T Signa imaging system (General Electric Medical Systems, Milwaukee, Wis.). For direct comparison, flow through a 2.5-cm-diameter tube was measured by timed collection into a 4-1 container, and mean velocity was computed ("bucket velocity"). A pump generated steady velocities of 10-40 cm/sec, and gravity feed was used to provide velocities <10 cm/sec. The tubing was positioned parallel to the magnet centerline, and the V-mode interrogation beam was aligned along the axis of the tubing using transverse and coronal scout images as guides. The V-mode beam diameter (i.e., the full width at half-maximum of the gaussian-shaped beam) was set to 1.5 cm to sample the midstream of the 2.5-cm diameter of the flowing water, with the read gradient in the beam direction. At each of several flow velocities, V-mode scans were acquired with velocity sensitivities ranging between 0.01 and 0.50 radians * cm-1 * sec'. Variations in the velocity sensitivity of the V-mode scans were achieved by changing the length and/or the gradient strength of the bipolar gradient pulse.
The radial velocity profile in the steady-flow phantom was also measured using the V-mode technique. The V-mode beam was aligned perpendicular to the flow with the velocity sensitivity set parallel to the flow. A series of scans with stepwise increasing velocity sensitivity was acquired to assess the radial velocity distribution.7 The amount of encoding is optional; a velocity distribution in two spatial dimensions can be computed by three-dimensional Fourier techniques. The one-dimensional distribution or flow profile in a 0.9-mm axial section was computed by two-dimensional Fourier transform of 16-32 samples.
In the human studies, the long axis of the 1.5-cmdiameter V-mode interrogation beam was aligned with the descending aorta using axial and coronal scout images as guides. The length (or field of view) of the beam was 24 cm, resulting in an axial resolution of 0.9 mm. Velocity sensitivity was adjusted interactively to avoid aliasing of the peak blood velocities. Interrogations were repeated at repetition times of 25-50 msec with a flip angle of 150, which resulted in the acquisition of 256 temporal points in 4-8 seconds. Informed consent was obtained from all volunteers involved in the human studies.
Results
The results of the steady flow measurements in the flow phantom are presented in Figure 1 . In Figure 1A , the measured phase shift for each scan is plotted against the calculated velocity sensitivity of the bipolar pulse for that particular scan. The calculated sensitivity is based only on the length and amplitude of the bipolar pulse and does not account for the averaging effects of the beam profile. All four curves have linear regression values of r>0.99. A single calibration constant was determined for the experiment; data for all four velocities are combined into a single linear plot in Figure 1B . The experimentally determined calibration constant is approximately 10% lower than the theoretical value computed from the first moment of the prescribed gradients.
The importance of the ability to tailor the sensitivity of the V-mode NMR acquisition to the velocity range under study is illustrated in Figure 1C . The graph is a scatterplot of relative errors in the NMR velocity measurement versus phase shifts. The data show that the errors are smallest when the velocity-induced phase shifts are in the range of =2-8 radians. At low velocity sensitivities and small phase shifts, the relative error in velocity measurements by NMR are large because of fluctuations caused by noise and inaccuracy in the determination of the zero reference. Phase shifts >2w result in aliasing of the phase measurement and require phase unwrapping. The ability to unwrap the phase depends on the rate of phase change. Thus, at high phase sensitivities that result in large phase shifts, ambiguity in phase unwrapping can cause notable errors. The capability of V-mode NMR for interactive adjustment of the velocity sensitivity allows rapid optimization of the velocity sensitivity.
Measurements of time-varying flow in the flow phantom are shown in Figure 2 ; panel A shows a case in which flow in the phantom was abruptly halted by pinching the tubing of the phantom 6 m upstream. Dampened oscillations in the flow caused by the elasticity of the plastic tubing can be seen for several seconds after the flow is halted. The time resolution is 25 msec. Figure 2B shows a sudden release of a flow blockage. The velocity calibration for this experiment is identical to that for the steady flow experiments because the beam diameter, vessel diameter, and velocity range are the same. The velocity spectrum data produce multiple curves showing the profile of the distribution of specific velocity ranges. The resolution (narrowness of individual ranges) is determined by the number of steps of velocity encoding in relation to the aliasing limit, which is inverse to the step size. For parabolic flow, peak velocity is expected to be twice the bucket velocity with the peak in the center of the distribution profile. Figure 3 shows the profile corresponding to the distribution of fast flow (63+9 cmlsec) when the mean velocity in the phantom was 32 cm/sec. V-mode NMR measurements of blood flow in the human aorta are shown in Figure 4 A variety of techniques exist for the measurement of blood flow. Thermodilution, electromagnetic flowmetry, and laser Doppler anemometry are invasive. The clinical standard, Doppler ultrasound, although noninvasive, has the deficiencies previously discussed. It is not surprising, then, that considerable effort has been expended in the development of NMR techniques for the measurement of blood flow. [8] [9] [10] [11] [12] [13] Direct comparisons of aortic flow measurements performed by NMR techniques with those obtained by ultrasound have been performed by several groups.14"15 In all of these studies, however, the time course of the velocity during the heart cycle had to be constructed as a composite from data acquired over many heart cycles. Information on flow in dysrhythmia cases cannot be obtained using these techniques. The application of echo planar imaging to flow measurements16 improves the time resolution of the NMR study, but special hardware is required and there are limitations on spatial resolution. The V-mode NMR technique presented here can provide high temporal resolution and high resolution that may be aligned optimally in the direction of flow.
The concept of velocity encoding by use of bipolar gradients is well established.8 In the currently standard NMR imaging modes, velocity components in X, Y, and Z directions correspond respectively to readout, phase encoding, and slice-selection gradient directions. The component of the velocity in the X direction is the major determinant of velocity-dependent phase changes in the image. The portion of the net velocity vector aligned with Y results in an artifactual displacement in the Y direction as phase changes proportional to the Y gradient are transformed to a shift of location. Velocity components in the Z direction have a more complicated effect. Multislice spin-echo imaging applies the Z gradient three times: slice-selective excitation, gradient compensation, and self-compensating section-selective refocusing. Depending on the net first moment of these gradients, phase sensitivity to steady velocity may be zero, so the dominant effect is signal intensity change caused by throughplane motion of spins.17 An additional problem that hinders existing NMR velocity mapping techniques is beat-to-beat variations in flow such that phase due to velocity suffers from destructive interference. Finally, aliasing of the phase information because of the use of inappropriate velocity sensitivity can be a problem. The technique introduced here addresses these problems by 1) acquiring the data real time (no phase interference caused by temporal signal averaging), 2) using no phase encoding of position (phase change in the presence of the bipolar gradients is solely due to motion along the gradients), 3) providing interactive alignment of the beam of interrogation with the direction of flow, and 4) allowing interactive adjustment of the phase velocity sensitivity to eliminate aliasing.
There are, however, a number of limitations to the V-mode NMR technique. Because it is a one-dimensional measurement along a beam, only the average velocity across the cross section of the beam is reported, and flow profile information is not directly available in real time (also true of Doppler ultrasound). As shown, however, repeat acquisitions with stepped velocity encoding can be used to compute the velocity profiles. In the clinical setting, this requires gating and assessment of beat-to-beat variation. There is a limit on the size of the beam that can be accurately produced. For our system (G.E. Signa), the smallest diameter used was 1.0 cm, measured at the half-maximum of the beam profile. It must also be emphasized that calibration constants for determining absolute velocity values depend on multiple parameters. The calibration constant depends on beam diameter, flow vessel diameter, and velocity profile because of differences in the averaging effects of the beam profile. The resolution-reducing effect of beam profile averaging can be substantively removed by deconvolution and velocity distribution assessment. Limitations on time resolution also exist partially because of the time required for the cylindrical excitation pulse. The flow-sensitizing and readout periods of the pulse sequence can be shortened either at the expense of flow sensitivity and spatial resolution or by changes in hardware. The excitation pulse currently must be 8-16 msec to define a clean beam profile.
A reference phase representing zero velocity may be determined in a number of different ways. A comparison measurement can be made with the bipolar gradient turned off, resulting in a direct determination of the zero velocity phase. Another technique that we implemented was reversal of the polarity of the bipolar gradient in alternate excitations. When adjacent acquisitions with alternating gradients are added, the magnitude of the sum represents the velocity'7 but the time resolution of the scan is decreased by a factor of 2. An alternate analysis technique allows the use of the full time resolution of an alternating gradient acquisition. A baseline correction can be applied to the temporal phase data such that when the odd excitation phase values are reflected about that baseline and a singlephase curve is generated from the even and odd excitations, the resulting curve is smooth.
Conclusions
There is good agreement between this noninvasive, beam-directed velocity measurement and the flow measured directly (r>0.99). The errors in velocity measurement by this technique are small (<5%). Temporal profiles of aortic flow can readily be observed by real-time data acquisition. Observations on a single pixel (0.9-mm beam section) over time with no signal averaging report aortic flow with a good signal quality (peak signal-to-noise ratio >50). Backflow caused by AI is readily identified. Integration of the total net backflow and of forward flow may be clinically useful in the assessment of valvular insufficiency.
The major strength of the V-mode NMR technique is its ability to acquire real-time flow information using standard clinical hardware. If scout views of the vessel of interest are already available as part of another imaging series, a V-mode scan can be done in seconds and need not add a significant amount of time to an MRI examination.
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